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Development of DC-ARM Reflexive Smart Valve
1.0 Summary

A DC-ARM reflexive smart valve is an assembly of valve and control components for shipboard fluid
systems capable of automatically isolating piping damage. Reflexive smart valve technology is used to
reduce the time to detect a leak or rupture and reduce the burden on ship personnel. The valve contains the
following features:

* Commercial valve and actuator combination suitable for shipboard fluid systems,

* Microprocessor and communication transceiver embedded in the valve actuator,

® Pressure sensors embedded in the valve body inlet and outlet,

¢ Control logic embedded in the device microprocessor which can operate the valve based on commands
from a remote supervisory station,

* Rupture detection and isolation logic which can operate the valve following a damage event based on
local data when communication beyond the smart valve is severed, and

¢ Communication with a remote supervisory control station system and/or an optional system controller.

The schematic configuration of a smart valve is shown in Figure 1. Multiple valve types e.g. (butterfly,
globe, gate and ball) may be used as long as a detectable pressure drop is available. The actuator can be
motor-operated, solenoid-operated, pneumatic, or hydraulic depending on the application and closing time
requircments.  The valve control circuit board and associated softwarc are provided by the valve
manufacturer. The applications circuit board hardware is provided by the valve manufacturer and the
software is provided by the system designer. Laycring of rupture logic software may be used to providc a
defensc-in-depth approach when multiple simultancous failures are experienced. Elements of leak detection
logic may be included in the application circuit board depending on the application.

Testing of a concept smart valve has been performed on the fire main aboard the ex-USS SHADWELL
(LSD-15) [1]. The smart valves successfully isolated a rupturc with isolation times ranging from 15
scconds to 90 scconds. In addition, the smart valves were ablc to distinguish between a rupture and other
transicnts such as actuation of vital loads and a pump trip. Following actuation of a vital load and a pump
trip, smart valves opcrated as designed and remained open.  Modifications to the pressurc averaging
algorithm and time dclay software can reduce the isolation times to less than 30 seconds with the existing
configuration on the SHADWELL fire main.

Thesc initial rupture tests indicate that the pressure measurements provide a sensitive indication of
changes in the fluid system, possibly cnabling the performance of the smart valve capabilitics to be
extended.  To test the limits of the technology, initial concept tests for fast-acting rupture isolation and
small leak dctection were performed. For a zero time delay rupture test, only the smart valves nearest the
rupture closed. For a small lcak test, flow rates as low as 10 gpm were detected by the smart valve nearest
the Icak location. Thesc results are promising and indicatc that the capabilitics of the existing smart valve
hardware and software can be cxpanded substantially:.

The estimated performance of the various technologics for the Damage Control-Automation for
Reduced Manning (DC-ARM) reflexive smart valve is shown in Figurc 2. The technology' for the DC-
ARM smart valve is a trade-off between leak size and time to detect and isolate damagc; therefore, flow
detected is plotted against time to detect and isolate a rupture.  Flow detected is represented as a pereentage
of pipc capacity (or maximum flow rate in the pipc). The time to detect and isolate a rupturc is shown over
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flow detected is plotted against time to detect and isolate a rupture. Flow detected is represented as a
percentage of pipe capacity (or maximum flow rate in the pipe). The time to detect and isolate a
rupture is shown over a range that includes very fast acting valves to slow manual response. With
sufficient time, roving patrols (or other ship personnel) will be able to identify and correct for leaks.
Shipboard experience, tests, and analyses demonstrate that, in many instances, this method cannot
reliably locate a leak in less than 20 minutes [2]. For smaller leaks, personnel may not locate the leak
for hours. Smart valve technology provides a substantial performance improvement to a manned

response of a rupturel, and it may provide a cost-effective alternative to commercial leak detection

methods for some fluid system leaks2. The smart valve performance diagram, Figure 2, is subdivided
into the following regions based on the types of software methods used:

® Current Hydraulic Resistance Logic (210% pipe capacity flow detection, >30 second isolation
time). This method uses “almost” steady embedded pressure data and device-level rupture logic to
detect and isolate a rupture.  Current hydraulic resistance logic detects a rupture when the local
pressure decreases below a setpoint and flow rate increases above its setpoint. Once a rupture is
detected, a valve closure sequence is initiated such that valves furthest from the operating pumps
(and nearest the rupture) close first. Hydraulic resistance logic is limited to the analysis of almost
steady pressure data with isolation times greater than 30 seconds for multi-valve and multi-pump
piping systems typical for shipboard fluid systems.  Hydraulic resistance logic has been
successfully tested and is considered ready for prototype shipboard implementation.

¢ Enhanced Hydraulic Resistance Logic (1% pipe capacity < flow detected < 10% pipe capacity, >
30 second isolation time). This method uses almost steady embedded pressure measurements and
system level logic in addition to the device level rupture logic. Enhanced hydraulic resistance logic
uscs accurate flow measurements and flow inventory logic (system level logic) to detect and locate
ruptures and leaks. Performance capability for enhanced hydraulic resistance logic is estimated
because improvements in pressure sensor calibration and signal processing methods are needed to
confirm the performance capability.  Smart valve technology may provide a substantial cost
reduction in flow measurement compared to existing industrial flowmeters.

® Hydraulic Circuit Breaker Logic (21% pipe capacity flow detection, 0.1 second < isolation time < 30
scconds). This method consists of applying analysis of transicnt pressure signal data and fast acting
actuators. Only an initial concept test of hydraulic circuit breaker logic has been performed and
development of software is needed along with improvements in pressure signal processing.
Performance capability for hydraulic circuit breaker logic is estimated because development and
testing are needed to confirm the performance capability.

e Commercial Leak Detection (<1% pipe capacity flow detection, >30-1200 second isolation timc).
This method consists of applying commercial leak detection sensors/methods on or mn the
immediate vicinity of smart valves. The sensors could be hydrocarbon detectors to detect Icaks at
flanged joints or acoustic sensors to “listen” for system lcaks. The performance capability is
approximated based on a review of commercial litcrature. The US. Environmental Protection
Agency requirement for gross leak detection is 3 gallons per hour [3]. Applying commercial Icak
detection methods with smart valves has not been tested.

—_—
LA ruplure is a separation of pipc caused by a damage cvent. As a benchmark estimate, a smart valve can
detect a rupture if it can detect a change in flow greater than 10% of the pipe capacity.

2 A lcak is any unintended discharge from a fluid system that is not a rupture. For this report. a smart valve
Can detect some leaks if it can detect a change in flow loss than 10% of the pipc capacity.



Based on the overall functional requirements for a particular system, smart valve technology can influence
overall architecture (zonal, offset loop, single main, dual main), the number and location of pumps, the size
of tanks, and control methods.

Fireman System

The DC-ARM smart valve [4,5] is ready for prototype fire main installation on an active duty Navy
ship. The hardware and software architecture used on the SHADWELL is appropriate for a prototype
valve. Compared to the existing smart valves installed on the SHADWELL, a different actuator model
would be selected, the circuit boards would need to be qualified for shipboard environment and sofiware
improvements would be added to reduce the rupture isolation time and improve the reliability.

Chilled Water System

A smart valve could be developed for a chilled water system using hydraulic circuit-breaker logic for
rupture detection and enhanced hydraulic resistance logic for leak detection (using flow inventory system
logic)[6,7,8]. The reliability and survivability may be improved by implementing hydraulic resistance logic
in addition to hydraulic circuit breaker logic for rupture isolation. This software could be integrated with
system level logic to detect small leaks in tinie to prevent the system from failing due to loss of fluid.




Fuel System

A smart valve could be developed for fuel systems using hydraulic circuit-breaker
logic for rupture detection and a hydrocarbon sensor (or other method) for small leak
detection. The reliability and survivability may be improved by implementing hydraulic
resistance logic in addition to hydraulic circuit breaker logic for rupture detection and
enhanced hydraulic resistance logic in addition to the hydrocarbon sensor for leak

detection.
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Figure 2. Estimated Performance Capabilities for Smart Valve Technologies

2.0 Introduction

2.1 Background

The overall objective of the Damage Contro! Automation for Reduced Manning (DC-ARM) reflexive

fluid systems development is to demonstrate unmanned isolation of fluid system damage whilc restoring
scrvice to intact scctions and vital loads.

To meet this overall objective, the general approach has been to survey commercial technology which
can be applied to automated damage recovery of shipboard fluid systems. Where possible, applicable
commercial technology has been used or adapted to meet the Navy requirements.  Decvelopment of new
tecchnology has been started in a coopcrative arrangement with commercial suppliers where commercial
tcchnology 1s not available. The objective of the working relationship between the Navy and commercial

supplicrs is to usc existing commercial research and development programs to develop products suitable for
both Navy ships and commercial industrial facilitics.

The fire main system has been sclected as the first prototype for DC-ARM reflexive svstem
development. Two interim reports of the reflexive system development have been published [4]. cvaluates
firc main architectures including offsct loop, dual main, and zonal configurations. The results of the




number of pumps and the number of segmentation valves. The selection of architecture should be the
subject of the ship design. Consequently, the DC-ARM program focused on the development of smart
valve technology that can be used in any fluid system architecture. Reference 4 concluded that
development of a smart valve which can detect and isolate a rupture using only local information is needed.

rupturc can be isolated without isolating intact piping sections. The key feature of hydraulic resistance
logic is that Communication to remote personnel or other components is not required after damage has

new nctwork interface card was modified to accept the pressure sensor inputs. The Vanessa® model valve
was sclected for embedding pressure sensors since it already was under evaluation for shipboard fire main
applications.

The Naval Sca Systems Command, Philadclphia Codc 825 has been developing automated survivable
shipboard fluid System concepts for the last scveral years.  For the FRMS  Program (Fireman
Reconfiguration Management System), flow balance logic was demonstrated on the ex-USS SHADWELL
firc main | 6,7.8]. A rupture between valves was detected when the flow: imbalance in a pipc scgment
incréased above a threshold. Once a Tupture was detected, the valves closed. Application of this approach
has been tested for a fire main installed at Aberdeen Proving Grounds as part of the Automated Systems
Reconfiguration (ASR) program [9]. The results of the ASR testing indicate that the flow balance logic

22 Purpose and Scope

This report describes the mitial results of the development of the DC-ARM smart valve. The
architecture of the sofiware and hardware for the smart valve is described, the reflexive fire main design on
the cx-SHADWELL s summarized, results of initia) testing of the coneept smart valves are evaluated and
a general procedure to design a reflexive fluid system bascd on the smart valve is discussed. These results

_

¥ The time delay is established by the relative location of the valve to the opcrating pumps.  Valves furthest from
the operating pumps close first and valves near the operating pumps closc last. With (his valve sequencing, valves
hearest the rupture close firsy.

O




can be used as a basis for the design of damage tolerant, automated shipboard fluid systems and for
continuing work to further develop the smart valve technology.

3.0 Approach

This section dis¢usses the functional requirements of a reflexive fluid system, software architecture for
a reflexive fluid system, hardware and configuration for a smart valve.

3.1 Functional Requirements

The overall goal of developing a reflexive fluid system is to demonstrate the operation of the
components and logic sequences which respond automatically to fluid system damage with multiple failures
among components (including loss of communication between components after damage). The following
functional objectives are based on previous reports [4,5] and form the basis of the DC-ARM reflexive fluid
system research:

1. Rupture Isolation. The reflexive system should be able to isolate a rupture and restore system
services to intact portions of the fluid system. The rupture isolation should be accomplished without
increasing the safety hazard to ship personnel. For example, trial and error cycling of fire main valves
to locate a rupturc is not acceptable since fire main pressure may be temporarily lost to fire party
personnel manning a hose.  Fireman ruptures should be isolated and service restored in less than 9
minutes to cnsure that firc main is available before fire spreads to adjacent compartments [2].

2. No Manned Intervention. The system should perform damage isolation and service restoration
actions without manned intervention.

3. Tolerant of Multiple Failures and Degradation. The system should be able to operate successfully
with failures of morc than one valve or pump in addition to othcr degradation expected in shipboard
fluid systems. Loss of communication among components following damage should be considered in
addition to other failures. Other dcgradation mechanisms such as buildup of fouling product (corrosion
and biological) should be considered along with cquipment malfunctions. ,

4. Leak Detection. Lecak detection should be implemented to alert ship personnel to potentially
deteriorating or hazardous conditions. The consequences of leaks are different for different shipboard
fluid systems. For fucl scrvice, a small leak (less than 1 gpm) is a substantial firc hazard within a few
minutes. For fire main opcration, detecting smaller leaks is not considered critical to reflexive system
opcration becausc the flow rates to fire main services remain adequatce and fire main pressures arc not
reduced for small lcaks which arc not caused by the rupturce of piping. For chilled. The systcm should
water systems, small leaks can disable the system if the tanks arc emptied: however, more time for
detection is available for smaller leaks than larger leaks. (Previous discussions of reflexive fluid system
requirements did not include Icak detection because the initial work was focused on the fire main
system where a small Icak docs not have critical conscquences.)

5. Simple and Reliable Design. The syvstem should isolate damage and restore services with a minimum
number of components and with a design based on proven technology that is straightforward to
implement.  In general, simple designs contain fewer components and minimal processing requircments
for the component level controlier. Simple designs gencrally arc less expensive to implement and
maintain and more reliable.

6. Low Cost. The system must have a low life cycle cost. The maintenance effort must be kept to a
minimum to meet manning objectives for future ships. Reducing the number of active components in
the system will help minimize life cyvcle cost. '




3.2 Reflexive Fluid System Software Architecture

decisions based on System wide data are made at the system level and decisions based on overall ship
conditions and mission are made at the supervisory level. The architecture based on this breakdown of

At the fluid system component level, decisions based on data available within the equipment housing or
in the immediate vicinity are incorporated into device logic.  For valves, control logic associated with
open/close travel stops (e.g., limit switches, potentiometers), safety cutout limits (over temperature
protection for motor opcrators) and automated position control (for flow and fluid temperature control) are
typically provided for commercial valve and actuator installations. For reflexive fluid systems, software in
addition to typical commercial software is needed. This additional software provides signal conditioning
(filtering, A/D conversion and conversion to engincering units), rupture detection and isolation and sclf-

Pump logic is similar to valve logic in that speed control (associated with pump starts and pressurec
control) and safety cutout limits (over-current and over-temperature protection) are typically provided with
commercial pump controllers. For reflexive Systems, additional software is needed to provide for
automatic starts and stops, signal conditioning and self-diagnostics. For the DC-ARM program. cach of
these logic methods will be demonstrated except for sclf-diagnostic checks.

Instrument logic is different than pump and valve logic since control logic is not nceded. Signal
conditioning is typically provided with commercial industrial mstruments to provide output in enginecring
units.  For reflexive Systems, additional software should be provided to permit data trending and analysis
(c.g., alarm and aleny sctpoints) and sclf-calibration. For the DC-ARM program. only commercial signal
conditioning will be demonstrated.

compartments. Unlike component level logic, system level logic relics upon uninterrupted communication
for successful operation For shipboard fluid Systems, system level logic is used 1o analyzc the overall
svstem alignment including valve positions for segregated and open configurations. vital load demand and
status, pump status and flow distribution.  In addition, Icak detection is considered to be system logic
because available commercial technology relics upon comparison of data from subsvstem boundarics.




Supervisory logic provides the primary man-machine interface for the fluid system. To support this
interface function, decision aids may be included to provide recommendations for system realignment to
support mission requirements and anticipated damage threat. In addition, analysis of system-to-system
interactions may be provided.

The hardware configuration need not match with the logical hierarchy shown in Figure 3. For instance,
system level logic can be embedded in the component microprocessor, installed in a dedicated controller, or
installed in the supervisory station. For the SHADWELL fire main system, only component level logic will
be embedded in the smart components. System level and supervisory logic is installed in the supervisory
control station in the SHADWELL Control Room and/or Damage Control Central (DCC).

9
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3.3 Smart Valve Hardware Architecture

The most survivable approach to implement valve logic is with a smart valve architecture consisting of
pressure sensors embedded in the inlet and outlet of the valve body and an embedded circuit board in the
valve actuator which contains a microprocessor and communication transceiver. When the DC-ARM
program started, several commercial valve suppliers were able to provide valve and actuator packages with
an embedded circuit board containing -a microprocessor and network transceiver ready for a field bus
connection. Developing improved capability using the embedded circuit card is an ongoing commercial
initiative of several valve manufacturers. Installing embedded pressure sensors suitable for accurate
differential pressure measurement to meet Navy requirements was considered to be an extension of this
existing commercial initiative. The DC-ARM program has been working with several valve companies in a
cooperative arrangement to develop a hardware configuration suitable for Navy shipboard installation.
General functional and performance requirements are developed to ensure that the smart valve can
adequately perform component level logic (such as rupture logic) and can interface with the system and
supervisory' level software.

Differential Pressure Measurement

The most important hardware feature which distinguishes the DC-ARM reflexive smart valve from
existing commercial smart valves is the use of embedded pressure sensors to measure flow rate. The key
design constraint is to provide independent measurement of upstream and downstream pressures (for open
and closed valve positions) along with accurate measurement of small differences between upstream and
downstream pressure when the valve is in the open position. A review of the sources of flow measurement
crror for the DC-ARM smart valve provides a basis for cstablishing a design for the pressure sensor
configuration:

¢ Factory Calibration. The factorv calibration of the pressurc sensors consists of comparing the
output of the scnsors with calibrated pressurc instruments. Bascd on this calibration data, limits of
repeatability, non-lincarity and hvsteresis can be established. Alternatively, methods to correct for
non-ideal calibration data can be developed to reduce the limits of error.

* Flow Disturbances. Disturbances such as tces and clbows within a few pipe diameters of the smart
valve can introducc an error in the flow mcasurement. This error may be affected by the orientation of
the valve and pressure sensors (such as in-planc or out-of-planc pressure sensor oricntations). As
discussed in Reference 4, this crror is attributed to pipe tap cffects and possible swirl cffects which
change the detected pressure at the sensor.

® Sensor Drift. Day-to-day tempcrature variations of the sensor circuits can result in drift in the sensor
output In addition, pressurc cycling of the sensors (by opening and closing of the valve) can result in
a drift in sensor output. While compensation for these offects is tvpically included in commercial
sensors. small changes may be observed in the differential pressurc measurcments.

¢ Variable Flow Coefficient. The valve flow cocflicient may vary with flow rate. fluid propertics (such
as density) and surface roughness of the upstrcam pipc and valve surface. Variations in the valve
flow cocfficient may introduce errors in the flow calculation performed by the smart valve.

* Random Fluctuations. All mcasurcments arc subject to variations that arc not compensated and are
random  These variations arc attributed to unsteady process conditions and instrument cffects. For
smart valve pressure measurements. the random fluctuations arc dominated by fluid turbulence.




Ideally, the design approach used for differential pressure measurements would be based on data for
each of these factors. For practical development of the DC-ARM smart valve, best estimates of these

used on the SHADWELL fire main, it was decided to implement a straightforward approach with two
commercial pressure sensors with a commercial analog-to-digital converter chip. Using these first valves,
data would be measured to identify design improvements such as filtering or digital signal processing. Both
factory tests and hydraulic characteristic tests on the SHADWELL fire main provide the foundation for
determining design improvements [6-8].

SHADWELL Fireman Smart Valve Hardware
For testing and demonstration on the SHADWELL, the objectives for the smart valve are as follows:

¢ Demonstrate Rupture Isolation. The smart valve must be able to provide rupture isolation for
credible damage scenarios. Reliable rupture isolation should be demonstrated within a time period
which ensures the fire main is available to prevent the spread of fire from the initial damage area. To
meet the general rupture isolation requirement, hydraulic resistance logic was selected since it can
isolate a rupture without communication following damage and with multiple valve failures. The time
available before fire spread is estimated to be approximately 9 minutes [10].

¢ Facilitate Supervisory Interface. The smart valve must be able communicate status information to the
supervisory control station and accept commands from the supervisory control station

* Develop Performance Capability. The data from the initial smart valve testing should be sufficient
to identify the performance capability of a DC-ARM smart valve. Potential improvements in the
smart valve capability should be identified.
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Based on these general objectives for the initial smart valve on SHADWELL, the following
specifications were developed:

Table 1
SHADWELL Fireman Smart Valve Specifications

Size and Rating

4-inch flanged, ANSI 150 Ib. Class
Pressure Sensor

Location: inlet and outlet

Low Setpoint: 50 psig

Range and Accuracy: 0 to 200 psig, +1 psig
Flow Sensor

Location: flow through valve

High Setpoint: 100 gpm relative*

Range and Accuracy: 0 to 30 fi/s, + 50 gpm,

Implementation of shipboard shock and vibration requirements is not considered for the initial testing.
Due to the environment on the SHADWELL during fire testing, it is desired (although not required for the
mitial tests) that the smart valve operate at temperatures up to approximately 200°F.

Discussions with Tyco® Flow Control Rescarch and Development identified an approach to develop the
DC-ARM smart valve concept for the SHADWELL fire main using an existing commercial valve and
actuator product linc. A model of thc DC-ARM fire main valve is shown in Figure 4.

The sctpoint is based on relative hydraulic resistance logic [S]. The objective of relative hydraulic resistance is to
deteet an increasc in flow rate greater than that of a fire hose which is about 90-100 gpm.
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EPI actuator was selected for SHADWELL installation as a cost effective platform to test new circuit
boards for valve control. Two circuit boards are used for the smart valve: a valve control board and an
applications board. The valve control board contains an AC/DC power supply, analog/digital processing,
and hardware associated with open/stop/close control, position control and statys feedback and
emergency shutdown. The applications board contains a microprocessor, network transceiver and
embedded software for valye control and user applications. (For the SHADWELL, user application
software consists of fupture detection and isolation logic.) The pressure Sensors used are typical of
commercial unpackaged piezoresistive pressure sensors for industrial applications.




Table 2
Components of DC-ARM Fireman Smart Valve on SHADWELL
Component Description
Valve 4-inch Tyco® Vanessa® Series 360,000 QTG Double
Flange ANSI 150
Actuator Keystone EPI 13 Motor Operateds, 120 VAC
Circuit Board Control Card Power board containing power supply, A/D,

switches, etc.

Network board containing Echelon® FTT-10A
LonWorks® network transceiver,

Pressure Sensors SensSym series 19C sensors, stainless steel isolated,
temperature compensated, 0-200 psig, 50 nV/V/psi
output

Flow testing of the fire main smart valve was first performed at the Tyco® Flow Laboratory in
Providence, Rhode Island.  This testing indicated that the apparent valve flow coefficient was

approximately 160-gpm/Vpsi based on the embedded pressure measurements® which corresponds to a
pressure drop of 0.4 psi at 100 gpm. In addition, these tests indicated that the random fluctuations of the
pressurc measurements are substantial. The standard deviation of the ‘differential pressurc measurements
varied from 0.28 to 0.63 psi. Based on this data, rupture sctpoints were developed for the SHADWELL
fire main using hydraulic resistance logic consistent with the valve specifications. The conditions necessary
to detect a firc main rupture at an open smart valve arc:

Pressure <50 psig
AND
Differential Pressure > 0.40 psi + Baseline Differential Pressure

where pressure is the pressure at the upstream or downstream sensor, differential pressure is the absolute
value of the upstrcam minus downstream pressure and the baseline differential pressure is the most recent
smoothed differential pressure when the fire main pressure is greater than 50 psig. In other words, a fire
main rupture is detected if pressure decreases below the low pressure sctpoint and flow increases by at least
100 gpm.

3 Tyco® would not recommend the Keystone EPI actuator be used with a2 Vanessax QTG valve because the
Vanessa valve is a torque scated valve and the Keystone actuator docs not stop based on torque. The Keystone
actuator was sclected for the SHADWELL installation to facilitate cost cffective testing of new circuit control board
designs. :

¢ The nominal flow cocfficient for the valve is 210 gpnNpsi. The apparcnt flow cocfficient is less than the
nominal flow cocfficient duc 1o a reduction in the arca of the outlet flow which increases the localized pressurc
difference.

N




uncertainty associated with the random fluctuations. Based on standard statistical methods and industry
standard practice, the uncertainty attributed to random fluctuations can be estimated using the standard
deviation of the mean [11]. For 95% confidence, the uncertainty attributed to random fluctuations is less
than 2(0.63 psi)/V80 = 0.14 psi. This uncertainty is equivalent to a flow rate uncertainty of +]8 gpm at
100 gpm and is considered to be sufficiently less than the relative setpoint of 0.40 psi.

3.4 SHADWELL Fireman Configuration

deck, a 3-1/2 inch main on the port side main deck, a 4 inch afi cross-connect at frames 23 to 26 and ad
inch forward cross-connect at frames 12 to 17. The test loop is supplied by two fire pumps each with a

Rupture flow paths are installed at three different locations: one in the port main, one in the starboard
main, and one in the aft cross-connect. For each of these flow paths, flow is actuated with a quick-acting
air operator and can be routed to the deck in the test area or to the peak tank. Another discharge flow path
is installed in the forward Cross-connect with an orifice plate to simulate a magazine sprinkling flow path.
Upon removal of the orificc plate, this discharge flow path could be a fourth rupture flow path.

Initial plans for the fire main identified four locations for reflexive smart valve installation in the main
flow loop. Installation of four valves is considered to be the minimum needed to demonstrate the functional
capability of a smart valve system in an offset flow loop.  During a damagce event with four valves
installed, onc valve is Jogt to the damage, onc valve malfunctions duc to other causes (single failurc) and

two valves remain to isolate the rupture and restore pressure’. Installation of an additional smart valve in
the main loop is planncd to improve the isolation capability

"Duc 10 cost constraints, a similar redundancy has not been provided with the fire pumps. In general, availability
of both firc pumps is needed to demonstrate a survivable design. Alternatively. more than fwo pump supply paths
can be simulated using other pipe connections in the (est flow arca.

1o




Installation of redundant flow paths to a simulated electronics cooling load is planned. Each flow path
will be provided with a smart valve which provides a reduced flow coefficient to limit flow rate, backflow
protection to eliminate the possibility of the loss of two sections of fire main and rupture isolation logic if
the branch line is severed. The smart valves are being manufactured by the Curtiss Wright Flow Control
Corporation and are scheduled for installation in 2001 . '

A fire main supervisory control station is provided in the SHADWELL Control Room. The
supervisory control station monitors and displays fire main data, provides control of fire main valves and
pumps, contains system-level logic which evaluates for large fire main leaks and provides decision aids to

ship personnel8.

¥ The firc main supervisory control station is an IBM compatible PC running Windows 2000. The firc main
control station is intcgrated with an overall supervisory damage control system: for DC-ARM testing,.
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4.0 Results and Discussion

4.1 SHADWELL Fireman Test Results

The SHADWELL fire main tests consisted of hydraulic characteristics tests, rupture tests using
hydraulic resistance logic, a vital load test, a small leak detection test, and a rupture test without a time

delay. The test matrix is provided in Table 3

Table 3
Test Matrix for Fireman Reflexive Smart Valves
Test Date | Description Summary
11/30/99 Zero Flow Test 1 and Flow was routed from fire pump 1 to the peak tank via a
Clockwise Flow Test, clockwise path in the test area. Pressure sensor data was
No Ru pture measured at flow rates ranging from 0 to 540 gpm. Flow
was measured using a Controlotron strap-on ultrasonic
flowmeter.
11/30/99 Zero Flow Test 2 and Flow was routed from fire pump 2 to overboard via a
"~ | Counterclockwise Flow | counterclockwise flow path in the test area and four 1-1/2
inch fire hoses at FP 2-19-1 and FP 1-17-1. Flow rates
Test, No Rupture ranged from 0 t0 290 gpm.
12/1/99 Operations Office Rupture was isolated in approximately 90 scconds. A 15
Rupture, Fire Pump 2 second time period is unaccounted for in the design and is
attributed to a software error.
12/1/99 Operations Office Rupture was isolated in 60 seconds. Isolation sequence was
Rupture, Fire Pump 1 completed as designed.
12/2/99 Pump Trip Firc pump was stopped, pressure reduced to zero and the
valves remained open (as designed).
3/1/00 Zero Flow Test 3, No Confirms factory determined sensor ofTsct data.
Fireman Pressure
3/2/00 Vital Load Test Firc pump 2 was operating and forward magazine
sprinkling flow path was activated with a flow rate of about
245 gpm. Valves did not closc (as designed).
3/2/00 Small Leak Test Fire pump 2 was operating and 2-12-4 was closed. Flow
ratc was adjusted from O to 85 gpm using 1-1/2 inch fire
hosc at FP 2-19-1.  Valves monitored flow changes but did
not close (as designed).
3/3/00 Zero Flow Test 4, No Provides a check against 3/1/00 data.
Fireman Pressure
3/3/00 Operations Office Time delays were removed from simart valves. Firc pump 2

Rupture, No Time
Delay

was opcrating and a rupture in the Operations Office was
initiated. Rupture was isolated in about 15 seconds. The
smart valves nearest the rupturc 1-26-2 and 2-23-1 closed.
Smart valve 2-17-1 started to closc and rcopened as
pressurc was restored.

For the tests performed on 11/30, 12/1 and 12/2/99. only smart valves 1-26-2 and 2-23-1 w
and 3/3/00. all four smart valves were installed. For cach of the tests,
pressurc sensor data was acquired using a laptop PC with a LonWorks®:

For tests performed on 3/1, 3/2,

analyzer softwarc supplicd by Echelon®'
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Hydraulic Characteristic Tests

pressure measurements.

Initial flow testing of the fire main Smart valve at the Tyco flow laboratory indicated that the most

significant source of error is the random fluctuations due to fluid turbulence. Of secondary importance are

Two types of tests were performed to measure the hydraulic characteristics. F irst, zero flow tests were
performed periodically to measure random fluctuations under conditions of zero flow (minimal turbulence).
Second, flow tests were performed to compare the differential pressure with the flow reading of an
ultrasonic flowmeter. The flow dircction was reversed to estimate the effect of upstream disturbances

The results of the zero flow tests are shown in Table 4. The output of the smart valve is converted into
a pressure measurement using the sensor’s zero offsct and gain from factory calibration data. The
magnitude of the random fluctuations are estimated using the standard deviation of the measurements.

Table 4
Smart Valve Pressure Measurements for Zero Flow Tests
Pressure DSig

1-26-2 2-23-1 2-17-1 2-12-4
D U D U | b | U D
PSTH0.1 990401 b831012 | NA | NA | NA | Na
PO140.5_ 1103.1503 1027403 | NA | NA | NA NA
2201 L5801 51301 523001 B80.01 57801 15105 15201
3440.0 146103 1183102 h87302 76.6£0.1 172401 | NA NA

From the data in Table 4, the following is obscrved:

* Magnitude of Random Fluctuations at Zero Flow. The maximum standard deviation measured
under conditions of minimal turbulence is 0.47 psi. Using two standard deviations as a benchmark
(two standard deviations bound approximately 95% of the data), the limits of fluctuation under stcady
conditions with minimal turbulence (no flow) are about 0.94 psi. This fluctuation is small compared
with the allowable ¢rror in cvaluation of the low-pressure sctpoint. However, this fluctuation is greater
than the changes in differential pressure which must be detected. As a result, some averaging or signal
conditioning of the pressure signals is required. A discussed in section 3 3 above, a rolling average
algorithm is uscd in the firc main smart valves based on 80 mcasurements.  Thjg averaging method

20




results in an uncertainty which is 1/4 to 1/5 the value of the standard deviation. This reduction is
considered acceptable for rupture detection.

¢ Non-Zero Differential Pressure. At zero flow conditions, the difference between the upstream and
downstream pressure sensor measurements is non-zero for all of the smart valves. For smart valve 1-
26-2 (which is installed vertically), a portion of the zero flow difference can be attributed to fluid
elevation (about 0.2 psi for ¥ foot of elevation difference). The remaining pressure difference for 1-
26-2 and the entire pressure difference for the other smart valves can be attributed to sensor drift,
calibration bias and random fluctuations. The range of non-zero differential pressures is from —1.26
psi to 0.68 psi. Random fluctuations alone, cannot account for all of these variations.

¢ Day-to-Day Sensor Drift. The drift in the pressure sensor output is evaluated by comparing the
change in the zero flow differential pressure when the fire main is at operating pressure. The zero flow
differential pressure varies from —0.94 psi to —1.26 for smart valve 1-26-2 and from ~0.42 to 0.68 for
smart valve 2-23-1. Additional data is not available to determine the factors which contribute to the
drift, however, changes in temperature along with other factors contribute to these variations. The use
of relative setpoints is unaffected by day-to-day sensor drift. Since the day-to-day drift in sensor
output is greater than the differential pressure setpoint of 0.40 psi, relative setpoints are required for
the SHADWELL fire main application.

¢ Calibration Bias. The calibration bias is evaluated by comparing the zero flow differential pressure at
zero pressure with the zero flow differential pressure at operating pressure (zero flow tests 3 and 4).
Differences can be attributed to methods of implementing the calibration constants and non-linearity in
the sensor output. The change in differential pressure between zero flow tests 3 and 4 is 0.70 psi for 1-
16-2, 0.32 psi for 2-23-1, and 0.66 psi for 2-17-1. Some of this change can be attributed to day-to-day
variations but some can also be attributed to calibration bias. The observed change in zero flow
differential pressure impacts the sensitivity of the trigger for the relative differential pressure setpoint
because the differential pressure can change when the system pressure changes even if the flow rate
docs not change. However, this factor did not adverscly affect the response of the smart valve for all of
the rupture, vital load and pump trip tests performed to date. Therefore, this bias is probably limited to
0.40 psig. Additional investigation of this non-lincar calibration bias is ongoing to determine if
corrective action is nceded for the SHADWELL fire main valves.

For cvaluation of data for these initial tests, a simple correction is applicd to account for the zero flow offset in
the cvaluation of differential pressure measurements. The correction consists of subtracting the zero flow
differential pressure from a smoothed average differential pressure.

The flow test data was measured for smart valves 1-26-2 and 2-23-1 for both clockwise and
counterclockwisc flow directions in the fire main piping in the test arca. For the clockwise flow test, the
forward cross-connect (near Repair 2) was isolated and flow was routed from firc pump 1 to the peak tank.
For the counterclockwise flow test, the forward cross-connect was isolated and flow was routed from firc
pump 2 to four 1-1/2 inch firc hosc stations at firc plugs 2-19-1 and 1-17-1. The average differential
pressurc data is shown in Table 5
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Table 5

asurements for Flow Tests

This flow data is evaluated by calculating the variation in val

defined by the following expression [12]:

where  C. is the valve flow cocfficient, gpm/\/psi

Q 1s the flow ratc, gpm

AP, is the pressure loss across the valve, psi

p 1s the density of fluid
Prer 1S the density of water at 60°F

Due to a constricted flow path within the body of the
flow cocfficient which is less than the actual flow cocfficient.
approximately equal to one and correcting for zero flow differential pressure, the apparent valve flow

cocfficient is calculated as follows:

(C v ) apparent

Q

- Jlap - AP, |

where AP is the differential pressure across the valve, psi

AP, is the differential pressure across the valve at zero flow, psi

22

ve flow coefficient. The flow

valve, the pressure sensors d

Smart Valye Differential Pressure Me
Test Flow Rate Differential Pressure (psi)
(gpm) 1-26-2 2-23-1

Clockwise Flow Test, 0 -0.9440.15 0.6840.17

11/30/99 160 -1.840.16 -0.5540.17
280 -3.4440.23 -2.90+0.40
464 6.761+0.426 -7.7240.72
536 -8.5540.50 -10.2340.85

Counterclockwise Flow 0 -0.9940.76 0.46+0.48

Test, 11/30/99 80 -0.7740.61 0.70+0.46
144 -0.061+0.353 1.4440.301
240 1.25+0.389 2.7740.50
288 2.001+0.41 3.8140.62

(1)

(2)

cocflicient is

ctermine an apparent
Assuming that the ratio of densitics is




Table 6 contains the results of the calculations.

Table 6
Smart Valve Apparent Flow Coefficients for Flow Tests
Test Flow Rate Apparent Flow Coefficient (gpm/\/psi)
(gpm) 1-26-2 2-23-1
Clockwise Flow Test, 160 166 142
11/30/99 280 177 148
464 192 160
536 194 162
Counterclockwise Flow 80 169 163
Test, 11/30/99 144 149 146
240 160 158
288 164 157

The variation in the calculated flow coefficients in Table 6 is attributed to a several factors. The two
primary sources of variation are considered to be the error of the ultrasonic flowmeter and the calibration
bias of the pressure sensors (when the fire main pressure changes). Without these two sources of error, the
true variation in flow coefficient is probably less than +10%. This true variation includes non-ideal effects
due to upstream disturbances, flow rate, and valve geometry variations. This testing indicates that the
variation in flow cocfficient for the Vanessa valve is small, and can be incorporated into the margin for the
differential pressure setpoint. As a result, restrictions which may limit installation locations and
correction factors for flow rate and fluid property variations do not appear to be required.

Based on the results of the hydraulic characteristics tests, the uncertainty limits for the sources of error arc
cstimated as follows:

Random fluctuations: +0.10 psi or cquivalently +13 gpm at 100 gpm or +39 gpm at 500
gpm

Calibration Bias: +0.40 psi or cquivalently +50 gpm at 100 gpm or +10 gpm at 500
gpm

Day-to-Day Drift +0.50 psi or cquivalently 64 gpm at 100 gpm or +13 gpm at 500
gpm

Flow Cocfficient $10% or cquivalently £10 gpm at 100 gpm or +50 gpm at 500
gpm

The day-to-day drift does not affect the operation of relative hydraulic resistance logic. Therefore the
uncertainty of the flow measurcment for the fire main smart valves is approximately £33 gpm at 100 gpm
and £51 gpm at 500 gpm. These results are consistent with the spccifications. The sctpoint for the relative
diffcrential pressure may need to be incrcased to reduce the scnsitivity that could causc inadvertent valve
closure (false alarm).

? The uncertainty attributed to cach of these factors could be reduced by using different signal conditioning
mcthods, improving calibration practices, and implementing sclf compensation algorithms. However, this is not
nceded for rupture detection on the SHADWELL fire main.
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Rupture Tests

rupture is detected and the smart valve is on the rupture path, closure is determined by the time delay
schedule programmed in the valve microprocessor. The rupture time delay schedule is 2 function of the
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Fire Pump 2 Port
Passageway
Rupture
2-12-4
1-26-2 Flow Time Delay (s) Flow Time Delay (s)
Direction Pump 1 Pump 2 Direction Pump 1 Pump 2
Ccw 15 0 Cw 0 45
CCW 30 45 CCW 45 0
E—
Magazine
Sprinkling
Operations
Office
Rupture
]
2-23-1 Flow Time Delay (s) Flow Time Delay (s) |
Dircction Pump 1 Pump 2 Direction | Pump 1 Pump 2 |
Cw 30 15 CcW 45 30 !
CCW 15 30 CCW 0 15 |
Starboard 2-17-1
Passageway
Rupture Fire Pump 1

Time Delay (s) =153~ N_)

where N_ is the number of smart valves which separate the pump from the valve

15 seconds is the valve closing time, and
3 is the maximum number of valve separation

Figure 6. Closure Time Delays for Fireman Smart Valves During Initial Rupture Tests

Pressure traces have been measured for several rupture tests. In this report, pressure data is shown for
two ruptures in the Operations Office. Figure 7 contains the data with fire pump 2 operating, and Figurc 8
contains the data with firc pump 1 operating. With fire pump 2 operating, the rupturc was isolated in
about 90 seconds (with 2-23-1 closing after 60 scconds and 1-26-1 closing after 90 scconds). This 65

sccond rupture cvent contains the following breakdown of time periods:

* 15 sccond delay for rupture detection (3-5 seconds for pressurc decline and 10-12 seconds for 80

sample rolling average),

» 15 sccond time delay for 2-23-1 and 45 second time delay for 1-26-2 from Figure 6,

* 15 sccond valve closing stroke, and

» 15 sccond time period for 2-23-1 and 15 second time period for 1-26-1 unaccounted for.




The unaccounted time is attributed to software programming errors with the time delay!0,

With fire pump | operating, the rupture was isolated in about 60 seconds (with 2-23-1 and 1-26-1
closing at 60 seconds). This 60 second rupture event contains the following breakdown of time periods:

> 15 second delay for Tupture detection (3-5 seconds for pressure decline and 10-12 seconds for 80
sample rolling average),

* 30 second time delay for 2-23-1 and 30 second time delay for 1-26-2 from Figure 6, and

> 15 second valve closing stroke.

* Single loop main with cight smart valves (scc References 4 and 5 for typical fire main loop),
*  Two fire pumps opcrating (which are not adjacent to cach other),

¢ Ten second valve closing stroke,

¢ Time delays staggered at 5 second intervals for adjacent valves, and

*  Onc to two second detection time.

With the time delays staggered at 5 second intervals and with a 10 second closing stroke, neighboring smart
valves will be in the closing stroke at the same time. Once the valve nearest the rupture closcs, pressure is
restored and the neighboring valve reopens. To meet this isolation time schedule, the signal conditioning
and data acquisition for the smart valve would need to be enhanced to permit detection with a high level of
confidence in onc to two scconds.

For smart valve installations at branch Cutout locations, the time delay for isolation may be reduced to
less than 10 scconds because staggered time delays arc not needed. Reducing the isolation time to less than
30 scconds for loop configurations is not considered practical because coordination of shortened time
delays may be unreliable.

-_—

YAn crror in the time delay greater than 15 scconds could result in inadvertent isolation of intact scctions. The
time delay crror identificd in this test has been corrected by modifying the software. Subsequent testing has shown
that time delays arc repeatable to within a few scconds.
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Figure 7. Pressure Traces for Operations Office Rupture with Fire Pump 2 Operating
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Vital Load Test

A flow path is installed in the forward cross-connect in the test area to simulate magazine sprinkling
which is considered a large vital load. Flow is actuated from the Control Room using an air-operated
valve, and the flow is restricted with a 1.43-inch orifice (in a 4-inch pipe). The results of one vital load test
is shown in Figure 9. Fire pump 2 is operating and smart valve 2-12-4 is closed to direct flow in a
counterclockwise direction only. The differential pressure increases above its relative setpoint (0.40 psig +
APy ceiine) but the system pressure remains above 50 psig and a rupture is not detected. Based on this test
data and using a flow coefficient of 160 gpm/psi, the magazine sprinkling flow rates for different fire

main pressures are calculated in Table 7.

Table 7
Magazine Sprinkling Flow Rates on
SHADWELL Fireman
Fireman Pressure | Magazine Sprinkling
(psig) Flow Rate (gpm)
60 245
70 266
80 283
90 301
100 317
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Small Leak Test

Even though the concept smart valves on the SHADWELL fire main were not designed for small leak

detectionll, a test was performed to determine the feasibility of applying the differential pressure
measurements for leak detection of shipboard fluid systems. The objective of the small leak test was to
determine if any significant changes in differential pressure measurements are detected for flow rates as low

as Ingmlz.

The operating alignment for the test consisted of closing fire main valve 2-12-4 and operating fire pump
2. A counterclockwise flow pattern was established by operating two 1-1/2 inch nozzles from fireplug 2-
19-1. With this alignment, flow was routed from the upstream to downstream sides of smart valves 1-26-2
and 2-23-1, and flow remained stagnant in smart valve 2-17-1. Flow rate was measured using a turbine
flowmeter installed in the fireplug piping and was adjusted from stagnant (zero flow) conditions to 85 gpm.

The differential pressure and flow rate measurements for the test are shown in Figure 10. The
differential pressure measurements shown are based on a rolling average of 40 measurements (which
corresponds to about 5 seconds of data). An initial observation indicates that pressure conditions at the
smart valves are not as steady as the flow conditions in the fireplug piping. Also, the short surge in flow
rate to eject air at about 70 seconds into the test was detected at smart valve 2-17-1 only. An initial
qualitative evaluation of the data traces in F igure 10 is not precise enough to determine if small leaks would
be detected.

The average differential pressure for the three smart valves have been calculated for each flow rate and
the results arc shown in Table 8. Using equation 2 and an apparent flow coefficient of 160-gpm/Vpsi, the
smart valve flow rate was calculated. The results in Table § show that flow rates less than 20 gpm were
detected at smart valve 2-17-1. This result is considered consistent with stagnant conditions. At smart
valve 2-23-1, changes in flow rate as low as 11 gpm were detected but the error in the calculated flow rates
are relatively large. The error in detected flow rates range from a low of 5 gpm at 85 gpm up to 18 gpm at
64 gpm. For smart valve 1-26-2, crror in detected flow ratcs ranged from 2 gpm at 85 gpm to 16 gpm at
34 gpm.

' Since the fluctuations in diffcrential pressure measurements are greater than the steady signal for low flow rates,
filtcring and/or digital signal processing mcthods could be applicd to dampen the fluctuations and provide a morc
accurate quasi-stcady flow rate mcasurement. However, such improvements in measurement mecthods were not
considered necessary for rupture detection and therefore were not incorporated in the first smart valves on
SHADWELL.

12 With a pipe capacity of 600 gpm, this flow rate corresponds to 1.7% of the pipe capacity.
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Table 8
Smart Valve Differential Pressures and Flow Rates for Small Leak Test
FP Flow Smart Valve Data
Rate 1-26-2 2-23-1 2-17-1
(8pPm) | AP (psi) | Calculated AP (psi) | Calculated | Ap (psi) | Calculated
Flow (gpm) Flow (gpm) Flow (gpm)
0 -1.26 NA -0.50 NA -0.52 NA
11 -1.24 25 -0.46 29 -0.52 6
34 -1.25 18 -0.39 51 -0.52 10
64 -1.12 60 -0.24 81 -0.53 -9
85 -0.97 87 -0.24 80 -0.51 16

may be included in the average measurement. Also, slight variations in flow coefficient are expected over
the range of flow rates and installation locations and additional data is considered necessary to account for
these variations. Nevertheless, the conditions at the smart valve are considered typical of 3 shipboard fire
main and these process variations need to be considered for leak detection.

this test are insufficient to determine the performance capability of such an approach. However, it is
expected that flow measurement accuracy of +6 gpm (which corresponds to 1% of pipe capacity) can be
attained with the smart valves installed on the SHADWELL if the signal processing is modified to account
for non-linear calibration characteristics of the sensors and to allow more complete signal conditioning of
process variations.  Based on experience with differential pressure flowmeters (orifice and venturi),

lowering the flow measurement crror to less than 1% of the pipe capacity can be expensive and may not be
practical. ’
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Hydraulic Circuit Breaker Test

would be considered excessive for other shipboard fluid Systems such as chilled water. Investigation of
alternative rupture logic methods which shorten the isolation time have been initiated to address the needs
of these fluid systems. Different approaches are proposed:

¢ Inherent Time Delay in Piping System. In general, rupture set points are triggered first at smart

factors. If each smart valves starts to close as soon as it detects a rupture, valves nearest the rupture
would start to close first, Near the end of the valve stroke, pressure would start to recover in intact
sections. If pressure increases above the low set point on both sides of the smart valve (those valves
further from the rupture), it would reopen.

* Time Delay as a Function of Pressure. The lower the pressure, the closer the Tupture and the larger

the break. Establishing a short time delay (1to 5 seconds) as a function of pressure would help ensure
that smart valves nearest the rupture would start closing first.

* Rate of Closing Stroke as a Function of Valve Position. If the rate of closing a smart valve is high
at the beginning of the stroke and low at the end of the stroke, a leak-by path is provided while pressure
is restored to intact sections. If pressure is increased on both sides of a smart valve, the smart valve

reopens since it is not nearest the rupture. This approach extends the time delay inherent in the piping
system and provides margin for valve-to-valve variations.

As an initial test of the hydraulic circuit breaker concepts, time delay software was removed from smart
valves.  As a result, the smart valve would close when the first pair of pressures from the sensors exceed
the rupture setpoints (no averaging). The results of this test are shown in Figure 11. The following
scquence of cvents was observed:

*  Rupture conditions are detected within a second for smart valves 1-26-2 and 2-23-113

> Conditions fluctuate between rupture and hon-rupture conditions for smart valve 2-] 7-1 for the first
few seconds and therefore the valve does not start to close until after about 3-5 seconds.

» Smart valves 1-26-2 and 2-23-1 closc after about 15 scconds and pressure is restored to the firc main.

*  Smart valve 2-17-] starts to open about 15 to 17 seconds after the rupture when the upstream and
downstream pressures increase above 50 psig.

profiles, it may be possible to design hydraulic circuit breaker logic to isolate a rupture without
1solating intact pipe sections. For scctions where large flow vital loads are In service, accurate control of
the valve closing stroke profilc is critical to cnsure the vital load is isolated. Hydraulic circuit breaker logic
Is an arca recommended for continucd development.

13 Pressures close 1o the rupture do not decrease near zero because of a “kink™ in (he 4-inch discharge hose 10 the
peak tank used for this Tfupture simulation. This non-ideal condition was fortuitous since it demonstrated how
carcful sclection of fupture setpoints may be used to scquence smart valve closures.
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4.2

Design of Damage Tolerant Shipboard Fluid Systems Using Smart Valves

DC-ARM smart valve technology may be applied to shipboard fluid systems other than fire main. In
general, the approach to develop a damage tolerant fluid system consists of the following steps:

1.

6.

Determine the Minimum Acceptable Operating Conditions. The minimum acceptable
conditions to support the mission need to be defined, This minimum set of conditions
consists of a set of services which should be available after major damage.

Identify Vital Services. Vital services are those which comprise the minimum  conditions.

Determine the Consequences of Leaks. Leaks have different consequences for different shipboard
fluid systems.  With compressed low-pressure air, a small leak may only have adverse
conscquences if the leak rate exceeds the capacity of a compressor.  For chilled water systems, a
small leak (a couple of gpm) could damage sensitive electronic equipment or drain the
supply/expansion tank The evaluation of leaks should consider the response time of personnel and
leak detection technology available. In general, the minimum acceptable leak size is determined
bascd on a trade-off competing factors including cost of leak detection technology, supply capacity
and personnel response. For example, the minimum acceptable leak size may be determined based
on the supply tank capacity and assuming continued System operation for 20 minutes until ship
personnel can correct the problem. (Without automated detection and leak location, the time to
locate a small leak coylg be substantially greater than 20 minutes.)

Determine Smart valve Locations. Smart valves are placed at locations to isolate damage and
restore operation to vital services in order to meet minimum  acceptable conditions following
credible damage scenarios. In the piping main, smart valves are installed at locations to contain
damage (such as at fire zone boundaries). In branch piping, smart valves are located at cutout
locations for vital services and other services for leak monitoring, damage isolation and flow
control.

Analyze Fluid System Performance. The system pressures, flow rates and temperatures should be
calculated for normal operating and casualty scenarios. The results of these analyses are used as
the basis for smart valve logic methods and smart valve specifications.

Develop Smart valve Logic.  Rupture sctpoints, time dclays for valve closurc and lcak
detection scnsitivity are developed based on the System performance analysis,

Develop Supervisory System Interface. Valve opcrating modes and data required by the
Supcrvisory system should be developed to meet the overall functional requircments of the
supervisory system.

Develop Smart Valve Specifications. Based on the evaluations in steps 6, 7 and 8, specifications
should be developed for a manufacturer. The following information should be included to define
the smart valve performance:

Upstrecam and downstream pressure accuracy

Flow rate accuracy (flow rate which can be detected)

Time to close

System pressures and temperatures
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¢ Maximum valve flow rate and pressure drop

* Interface data with supervisory system (such as pressures, flow rates, valve positions and valve
mode), and

e Additional sensors.

The initial application of this design approach may be iterative so that a valve manufacturer can
evaluate if valve specification can be met with affordable technology. The constraints for smart valve
design can be summarized by considering the following derivation of non-dimensional constraints. Starting
with equation (1) and assuming that the pressure loss across the valve is the same as the differential
pressure across the valve:

- 3)
)

Introducing Qumax, the maximum flow rate through the valve, and P, the normal system operating pressure,
equation (1) can be rearranged as follows:

A%

Equation (4) contains three non-dimensional parameters:

C, =

*  Q/Qma is the non-dimensional flow rate,
® AP/P is the non-dimensional differential pressure across the valve, and
. Cv/Qm\.\/P(p,c,/p) is the non-dimensional flow coefficient.

Equation (4) can bec used as a design equation where (Q/Qumax min is the minimum detected flow rate as
specificd by the system designer, (AP/P), 1s the minimum detectable differential pressure as determined by
the valve manufacturer (for the sensor, A/D conversion, and signal conditioning methods used) and the flow
coefficient should be less than the resulting ratio to meet system requircments:

R v

If a valve flow cocfficient docs not meet the criteria in cquation S, cither a different valve should be
sclected, the differential pressure sensitivity should be improved by the valve manufacturer, the system
designer should relax the Icak requirement or a flow meter scparate from the smart valve should be used.

4.3 Areas of Continuing Work

Continued cooperative work between valve manufacturcrs and the Navy is needed to ensure that DC-
ARM smart valve technology: is suitable for deployment. The development should focus on providing a sct
of design tools to be used by the Navy shipbuilding community for new ship design and back-fit of some
existing fluid systems. Particular arcas for continued development arc as follows:
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Expand Hardware Selection for Rupture Detection

At this time, DC-ARM smart valve has been demonstrated only for the Tyco® Vanessa valve and
Keystone motor operated actuator combination. Plans are underway to test a Curtiss Wright globe valve
with solenoid operator for electronics cooling applications and a Tyco ball valve with a motor-operated
actuator for water mist systems. Expanding the DC-ARM smart valve concept to other actuator models is
needed.  For example, implementation with a pneumatic actuator could be used to demonstrate rapid
closure and reduce the dependence on electric power (only low power DC current is needed for sensors and
network transceivers). Implementation on different valve models is needed to demonstrate capability for
other shipboard fluid system applications. In general, the concept is limited by the ability to measure the
pressure drop across the valve. As a result, it may not be practical to use a full port ball valve as a DC-
ARM smart valve.

As additional applications are developed, the limits of the smart valve hardware concept can be better
defined. Predicting the limits of rupture and leak detection based on the current data is uncertain. Different
methods to amplify and process the pressure signals may improve the sensitivity of the differential pressure
measurements. Also modifications to the inside surfaces of some high flow coefficient valve models (such
as a full port ball valve) may provide local pressure variations which can be used to measure flow rate.
Based on the initial testing, inexpensive commercial pressurc scnsors can provide sensitive “fluid signal
listening™ capability which may be used to expand the traditional performance of differential pressure
measurements. .

Provide Additional Test Platforms for DC-ARM Smart Valve Demonstrations

To expand the software and hardware development, demonstrations of the DC-ARM smart valve should
be performed on test platforms in addition to the SHADWELL firec main. The SHADWELL water mist
system and NAVSEA Philadelphia chilled water and firc main systems arc possibilitics. Demonstrations
for compressed air and fucl systems should be considered.  Effort should be focused on demonstration
platforms which expand the capabilitics of current hardware and software.

Design and Implement a Smart Valve System for a Fireman Aboard an Active Ship

This initial testing indicates that the smart valve concept for rupture detection and isolation on
the SHADWELL fire main is ready for prototype implementation on an active duty Navy ship.
First, a design would need to be developed based on overall functional and performance
requirements. The design would identify smart valve locations, required closing times, rupture
setpoints, maximum allowable pressure drops, maximum flow rates, ship environmental and
reliability requirements and interface requirements for the supervisory control system. Based on
the design, smart valve specifications could be prepared for valve manufacturers. Based on these
specifications, the Navy could evaluate and select one or more suppliers and their smart valve
designs.  Following installation; a test and evaluation program could be used to identify
improvements that might be needed. '
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Develop Leak Detection Method's

The use of commercial pressure sensors embedded in a smart valve is a cost effective
alternative to installing an industrial flowmeter or commercial leak detection system.
Development of accurate flow measurement hardware and software using the DC-ARM smart
valve concept should be pursued. The development would involve a systematic evaluation of the
sources of error for the pressure measurement techniques. In particular, diagnostic tests in a flow
laboratory are needed to establish reliable estimates of instrument corrections needed to
substantially reduce fixed errors such as attributed to day-to-day variations and non-linear
calibration. Once sources of fixed errors are minimized, standard signal processing methods can
be applied to reduce the errors attributed to random fluctuations [13]. Close cooperation with the
valve manufacturer is needed because the methods applied are closely linked to the hardware
selection for the valve body, pressure sensor, analog-to-digital converter chip and digital signal
processing used. In general, this development effort is considered to be low-risk, but time is
needed for evaluation of the data and redesign of the circuit boards.

Develop Hydraulic Circuit Breaker Logic

Development of process methods and associated sofiware to very quickly detect and isolate a
rupture has wide commercial applicability. The general approach to develop the logic involves
performing calculations to match (1) time delay versus pressure functions with system pressure
decay transients, and (2) valve closing rate versus position functions with system repressurization
transients. Based on the results of these calculations, a concept valve can be developed and tested
to determine the performance capability.

5.0 Conclusions

Fireman Smart Valve

The DC-ARM reflexive smart valve architecture tested on the SHADWELL is ready for
prototype installation and evaluation on an active duty ship. The valve for prototype installation
can be a Vanessa model as installed on the SHADWELL . Alternatively, other valves designs may
be considered providing that hydraulic characteristic tests are performed with embedded pressure
sensors to confirm flow measurement capability. A different actuator would be needed to ensure

reliable valve operation over an extended evaluation period 14, Qualification of the circuit boards
embedded in the actuator (for shock, vibration, and environmental conditions) would be required.

14 Tyco personnel indicate that the existing valve control board design can be used with several actuators suitable
for extended shipboard service. Furthermore. the control board can be used with different network protocols.
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The data indicates that the DC-ARM smart valve concept can be applied to a wide variety of
valve designs. For valve designs with a reduced-size seat such as with globe valves, reduced port
ball valves, and some butterfly valves (similar to the Vanessa model), differential pressure
measurements may be sufficiently accurate for both rupture detection and some Jeak detection.
For valve designs with the highest flow coefficient (such as gate valves and fu]] port ball valves),
the range of flow detection may be limited However, it may be possible to modify the inside
surface of the valve in the vicinity of the pressure sensors to improve the sensitivity of the
differential pressure measurement.

“to listen” for signals which are characteristic of a rupture. A variety of
different triggering mechanisms to initiate valve closure may be practical. By adjusting the valve

At this time, severa] different valve companies have been developing smart valve hardware
configurations to meet shipboard requirements, Additional hardware development can be
accomplished with continyed cooperative working arrangements between Navy technical staff and
valve manufacturers. This cooperation between manufacturers and the Navy would be a
continuation of the current DC-ARM program,
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